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SIX ATIRFOILS AS AFFECTED BY COMPRESSIBILITY
By Harold E. Cleary

SUMMARY

Pressure-distribution tests of six NACA 1l6-serles
propeller sections with l-foot chords were conducted 1n
the NACA 8-foot high-speed tunnel ta determine the
compressibility effects on peak section pitching-moment
coefficients. The data are presented as curves of peak
section pitching-moment coefficlent against Mach number,
thickness ratio, and camber.

The peak onltching-moment coefficlents were found to
occur in the regions of positive and negative stall. For
these condltions, especially for the thicker alrfolls
and in the reglon of vositive stall, the critlcal speed
occurred at Mach numbers as low as 0.30 and marked
changes of the peak moment coefflclent occurred at
Mach numbers as -low as 0.53. 1Increases in thickness and
camber were found to accentuate the compressibility
effects on peak moment coefficient.

INTRODUCTION

The problem of the excessive twlisting moments
developed by propeller hlades and the consequent fallure
of pitch-control mechanisms have aroused interest in the
factors contributing to these twlsting moments. One of
these factors is the aerodynamic pltching moment of the
propeller-blade sections.

The conditions encountered on the blades for normal
propeller operatlion are bracketed betwsen positive and
negative stall. The condltlon of positive stall 1s
associated with take-off, climb, and pull-out; and
negative stall might be assoclated with dive and dive
entry.
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The general effect of compressibllity on the pitchlng-
moment coefficient 1s shown in references 1 to 3, but the
range of angle of attack tested 1s not sufficlent to
include the condltions for maxlmum moments. Some moment
data are avallable for sectlons deslgned to delay adverse
compressibility effects (reference li}), but agaln these
data are limited to conditlons below the polnts where the
maximum values, both positive and negative, of the moment
coefficient are reached. Further limitations of the
tests of reference L are ‘that the Reynolds numbers are
lower than for the present tests and the tunnel-wall
effects resulting from the larger ratio of model size to
tunnel size are larger. Becauae of the Importance of
compressiblility effects on airfoil characteristics, a
detailed investigatlon of these effects 1s being conducted
by the NACA. The present report includes a part of the
data obtained from tests conducted in the NACA 8-foot
high-speed tunnel on several alrfolls covering repre-
sentative ranges of thickness and camber. The data
obtalned 1n the present investigation constitute an
extension of the results of reference li, and part of the
data were obtalned to study the effects of the differences
in the test conditlons previously noted.

Use of l-foot-chord models gave practically full-
scale Reynolds numbers and reduced tunnel-wall effects.,
Use of pressure-distribution measurements in the central
spanwise region of the models, which spanned the tunnel,
gave practlcally two-dlmensional results. Particular
emphasls was placed on pressure-dlstribution tests rather
than force tests because the type of phenomenon that
occurs 1s more clearly illustrated. The Mach number
range extended from 0.12 to 0.68.

APPARATUS AND METHGCDS

The NACA 8-foot high-speed tunnel, in which the tests
were carried out, 1s a single-return circular-section
closed-throat tunnel. The airspeed 1is continuously
controllable from about 75 to 550 miles per hour. The
turbulence of the alr stream, as lndicated by transition
megsurements on alrfolls, 1s unusually low but somewhat
higher than that of free alr.

Six models having NACA 16-209, 16-509, 16-709, 16-215,
16-515, and 16-715 airfoll sections of 1l-foot chord were
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investigated. _Tn;rtydppessure orifices distributed along
the chord were located at practlcally the  same .apanwlcse
atatlon at the center of the alr stream. The alrfoll
profiles and orifice locatlions are showan in figure 1.

The alrfoll ordinates were calculated by the method
described in reference !j.

The model, wien mounted 1n the tunnel, completely
spanned the Jet (fig. 2). Except for auxiliary streamline-
wire bracing, requalred by structursl consideratlons, the
standard NACA B-fiot high-spsed tunnel mounting and setup
were employed. Tests as low ard medlum speeds with and
wlthout braces indicated that interference of the
euxlllary sunports cn tue flow at the measurement station
was negliglble.

Measursments were meds, icr the most part, of the
chordwlse pressure 6istribution at the midspan reglon.
The surface ox»riflces 1In the slrioil were connected to a
multiple-tuoe man>mecter located oubtslde the test sectlon.
The pressure tublng conrecting the oriflices was of small
diameter and was located with’n the wirg. Sirmultaneous
recordings of the rressures ut all orilices in the wing
were made by photograpning tihe multinle-tube manometer.

The Mach num»er range sxtonded from C.12 to 0.68.
The Revnolds nurber range 57 the teats and the variation

of the Heynolds number with Mech number gcre shown in
flgure 3.

EE3ULTS
The data presented in this report are in the form
of dimensionlees coefficlients.
angle of attack, degreas
M Mach number
cj, section 1ift coefflclent

em section pltehing-moment coefficlent

s )

pressure coafficlent

Iocal statlc oressure - Free-stream static pressur

)
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t/c thickness-chord ratio

M.,  critical Mach muber, Cefined as the value of
free=-gtream lach numbe:r at wiich a Mach number
of 1,0 1s fixrsat attained at any point in the
flow Tleld

R "Reynolds nunber

Subseriptss:

c/ly about quarter=chord axis

CeEo about conter~ol=zravity axis

max masximan

cr critlcal

Deteruinetion of the loecation of the cexater of
gravity of a larze nuﬁber of tihls serles ol airfoils
indicates that the _eneral eiitrcession {for center~ofw-
gravity location of a hcmo_oneous s8sctlon is

Xo,gs = O J1 x Ehord

yc.g.-= 0,035 X Desizn 1ift coelfficlont X Chori
where e, is distance betiinl Gl loading odge and
oe

Vcoge 1s distance above the choxrd.

A sarmle nlot of the varlation with aanle of attack
of the 1ift coefficlont and the pitching-monont coef~-
ficlents avout tihe quarti:r-chord cad center~ofesravivy
actes Tor the alrroll sections renorted herein 1s glven
in figure li, 4Lhose data are For thae iv.CA 16-~50% alrfoll
at a rach aunber of 0.7%. The velues ol 1lift and monent
coelflcients were Ceterminec by Inte- ration of the
normal=-preossure distribution, Analysis iae shovm that
up to the valuoe of maxirmm 110% coa":icqeﬁt thoe normal-
force coerlficiont and tie lift coofficliens are esssntially
the sa.e,

Tealr values of worient coelficient for all the aire
folls at all values or .ach nw.ber tested were determined
from plots sinilar to figure L, “he values referred to
as “JEui 0:ent coefficients" are those for which the
slope of the wmoment variation with ansle of attack 1s
zero. Iliigher values ngy Do obtainesd beyond the stall,

BT
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The moments taken about the quarter-chord point are
of interest in wing design because this point has closely
-approximated the aerodynamic center of the older con-
ventlonal alrfolls., (Consideration of the moments about
the center-of-gravity axls enters into propeller deslgn,

for which the sectlons reported herein were primarlly
develqped. .

The varlation of the peak sectlion moment coef-
flelents about the quarter-chord and center~of-gravity
axes with Mach number is presented in figure 5. The
scatter shown by some of thesse results 1s a consequence
of the unsteady flow in the stalled reglon. The dash~-
line curves in figure 5 were obtalned by multiplying the
vaelue of the moment coeffioiPnt at M = 0,20 by the

Glauert-Ackeret relation 1AA - M. This reletion is
not strictly applicable because the angle of attack is
not constant and bocause the flow departs from potentlal
flow in the stall region.

Pressure-distribution dlagrams for the NACA 16-715
airfoll at an engle of attack of 8° for Mach numbers of
0.25, 0.53, and 0.6l are given in figure 6. These data
11lustrate the changes in chordwlse pressure load dlstrl-
bution over the upper surface of the alrfoll as affected
by 1lncrease of Mach numbar. ©No important changes in the
pressure dlstributions over thos lower surface were found
near the stall within the Mach number range tested.

Flgure 7 1s a comparison of the pressure distrl-
butlions in the negative stall reglon at Mach numbers
of 0.25 and 0,60 ovor the NACA 16-509 snd 16-515 airfoll

sectlons, which have the same dosign cambor and different
thickness.

In order to 1llustrnte the variation of peak moment
coefficlent with thlckness ratlo, a cross plot of the
data given in figures 5(a) and 5(b) for the two airfolls
cambered to give o7 = 0.2 at an angle of attack of 0°
1s presented in figure 8 for throe values of Mach number.
In order to 1llustrate the effect of comber on the poak
moment coofflclent, a simllar cross plot for the two
thickness ratlos tested 1s proesented 1n figure 9.

A comparison of the pressure dlstributions of three
differently cambered airfolls 1s presented in figure 10
for the NACA 16-209, 16-509, and 16-709 sections at an
engle of atteck of -6° and Mach numbers of 0.25 and 0.60.
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.These data, as presented, have not been ocorrected

for wind-tunnel-wall interferencs.

An enalysls, however,

-has been made of these effecis according to the methods
of reference 5 which gave the following maxinrmum

corrections: e
Mach Lift Moment Drag Angle of
numbor cosfficient jcoofficient] attack
Dosign less t Less than -0.002 Ioss than |Less than
1ift range|l percent] -1. percent . 0.0001 | *0.01°
High - -0. 0. .05°
e 1 porcenty -2 percent{ =-0.002 001 *0.05

The method of correctlon used has only quelitative

application at high values of 11ft coefficient and super-
critical values of Mach number. The corrections obtalned,
however, gilve a good estimate of the order of the inter-
ference effects.

DISCUSSION
Varlation of Moment Coefflclent with Angle of Attack

The varlation of moment coefflclent ebout the
quarter-chord axls wilth angle of attack, as shown by the
sample data of figure li, indicates that the aerodynamlc
center 1s eppreclably forward of the quarter=-chord
station. The peak values of moment coefficlent are shown
in this figure to occur in the region of positive and
negative stall. The angles of attack at which the peak
11ft and moment coefflcients occur (table I) ere found,
in general, to agree within 320 with a few scattered
variations as high as 6° in the reglon of negative stall.

Variation of Peak Moment Coefficient with Mach Number

Suberitical region.- The compnarison shown in figure 5
of the varlatlion of moment coefficlient wlith Mach number
and the Glauvert-Ackeret theoretical varlation based on
the moment coefficient at a Mach number of 0,20 shows
close agreement with the data in most instances, and 1n
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no case does the dlsagreement exceed a value of moment
..goefficient of C,02. . 71he theoretical variation is not
appllcebls “beyond -the critloal Mach number Mzys The

termination of the .theoretical veriations in flgure 5-

therefore indicates the critical Mach number for peak
conditlion.’ ' .

The higher values of critical Msch mmber obtalned
for the thinner of the airfoils tested are not in )
conformity wilth the theorstical results for this serles
of alrfolls. A%t angles of attack consldersably different
from the deslgn engle, the theoretical pressure dlistri-
butions for the thinner alirtolls indicate lower critical
apseds than for the thlcker alrfolils, because the sharper
leadling odgos of the thianur airfolls than cause higher
superstream vslocltleas. As a consequence of the steep
pressure-recovery gradlsnts assoclated with these super-
stream velocltles, sonuration 1s believed to be induced
which prevents the attasinmont of the superstream veloclty
Indlcatad by thesry, Ths separatlon phenomenon thus
ralses the criticel speed of the thinner airfolls to
eppreciably hlgher valuss of Mach number than indicated
by theory.

Swpercritical reglon.~ Relatlvely large, abrupt
changos in e varianlon of peak mom=ht coefflcient with
Mach numrber aro found to occur in the stall regilons for
the thick highly camberod airfcil, as shown in figure 5(e)
for the NACA 16-715 airfoll. Tho increments in moment
coefficient arec shown to e between 0.025 and 0.10.

For the thimner highly cambered NACA 16=709 airfoll,
‘8 similar abrupt change 1s shiown in the curve for the
moments taken about the center of gravity in the positive
stall region, but no corresponding change in the moment
taken about the quarter-chord axls 1s exhibited. This
differonce 1n moments taken about the two axes 1s a
consequence of a change in the magnltude rather then in
the distribution of the 11ft. No abrupt changes occur
for the alrfoils having lowser camber .n the range tested.

The fundamental pressure-dlstribution changes wilth
Mach number that occur in conjJunction with the changes
in moment coefficient are shown in figure 6, The charace
teristic low-speoad pressure dlstribution is shown for a
Mach number of 0.25. At a Mach number of 0,5%, local
supersonlec flow has been attalned over the leadlng edge.
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This condlition gives rise to inciplent shock and it may

be noted that, altho the pressure dist¥ibution is
changing, the change Is still slight. Further lncrease

in Mach number to 0.6l}, at which important changes in the
moments have occurred, leads to extensive supersonic flow
over the forward half of the alrfoll followed by welle
established compression shock, These changes in both the
11t and 11ift dlstribution over the alrfoll lead to the
effects on the peak moment coefflcient shown in figure 5(e).

The deta for the thick alrfolls (figs. 5(a), 5(c),
end 5(e)) indlcate trat the critical Mach number can be
exceeded by an appreclable msasrgin before important changes
ocour in the variatlon of roment coefflcient with Mach
number., This effect 18 belleved to be a result of the
loocal charecter of the supersonic field, wvhich exists
only 1n the lmmedlate vicinity of the alrfoll and extends
over cnly a small chordwise portlon of the alrfoil., The
same phenomenon 1s exhlblted for tho thinner airfoll
(f1g. 7{a)) but the velus of critlcal Mach number is
higher, as discuwsed under "Suberltical region.!

In the negeative stall reglon, changes of the order
of 0,05 have tallan nlace in thoe variation of moment coef-
ficient with Mach number but these changos, except for the
NACA 16-715 airfoll, have rot been abrupt. The ebsence
of abrupt changes 1s also indlcated by the data of
figure 7, which show that there ars no decided changes
in shape of the pressure-~distribution dlagrems within
the Mach number rango investlznted. Calculation of the
eritlicel speed from theoretical pressure dlstribution
would indlcate that serlous compression shock and
therefore important flow changes might be expected at
the highest speeds for which data ar¢ shown. Actually,
separction phanomena proobably occur which effectively
delay the onset of corpresslon shock. At speceds higher
than the range of this Inwestigation, ebrupt changes
might be expected.

The compressibllity phenomena Just discussed are
bellieved to te common, at least qualitutively, to all
alrfolls in current use because in tho stall reglion all
airfolls exhiblt a characterlstic pressure peak near the
leading edgce and, hence, qualltatively have the same type
of flow pvattern. The present results indicate the effoects
of compreszibility on these typos of flow pattern.
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+ Effects .of Thickness on Peak Moment Coefficlent

- ™ The varliatign of peak moment coefflclent with
thlckness ia shown in figure 8 for.the NACA 16-209

:and 16-215 airfoils. The results for the alrfoila
cambered to give 11ft coefficients of 0,5 and 0.7 at an
angle of attack of O° show the same type of variation
+and..differ. only 1n megnitude from the results presented

- tn -figure 8. The lines connecting the plotted points do
-not necessarlly repressnt the variatlion between the

" points but serve in thls case only to identify points at
corresponding valuos of Mech number. These results show
that an increase in thickness gives a numerical lhcrease
in the moment 1ln both the posltive and negatlve stall
reglons,

Another effect of imcreasing thickness 1s to accentuate

the compresslbllity effocts on the moment coefficient.

This rosult 1s due to tlie groatest superstream velocitloes
associated wilh groater thiclmess, as noted in the
follewlng discussion (fig. 7). This effect is 1llustrated
by the different rates of change wlth thickness of the
?oment8§oeff1cients et low and high values of Mach number

fig. .

The changes 1in pressure dlatribution over the leadlng
edge in the reglons of stall are the underlying causes
for the lncreases of pealk momcnt coefficient with thickness.
These changes are 1lilustrated in flgure 7. Thooretlocal
consideratlons indlcate a charactoristic reglon of very
high superstream velocltios over tho lcadlng edge. The
pressure distributions for the NACA 16-509 airfoll show
e large reductlon in the pressure pesak overothe leading
edge as the angle 1s changed from ~}j° to -~6" and indicate
separation, It should be noted that this separation
corresponds to the point at which the poeak valus of
moment coefficient is atteined, For the NACA 16-51
alrfoll, however, such flow changes do not occur until
beyond an angle of attack of ~10°, so that higher moments
occur owing to loading differsnces as a consequence of
differences in the angle of attack of the two airfolls.
The earlier roduction of the superstream velocltles shown
for the thimmer sections 1s ascribed to thelr relatively
sharper leading edges, as discussed under "Suberitical
reglon.” Ths changes noted hore effect changes in the
11ft and moment of the airfoil. The pressure distributions
presented in figure 7 were taken in the negative stall
reglon; however, the same fundamental changes occur in
the positive stall reglon.
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Effects of Cember: on Peak Moment Coefflclent

The effects of increased camber on the peak moment
coefficlent (fig. 9) are, in the region of positive stall
and for the range of Mach number tested, of the same
magnlitude as the effects assoclated with lncreased
thickness (fig. 8). The variation of the moment coef-
ficient about the quarter-chord exis wlith camber 1s,
however, in the opposlite direction from the varlation
with thickness. This result 1s ascribed to the change
in distributlion of the pressure load over the whole
alrfoll effected by camber, whereas the changes effected
by thickness variation -are principally changes in the
loading over the forward portion of the alrfoll due to
change of nose radius (figs. 7 and 10).

The effects of camber variations on the moment coef-
ficlent in the negative atall region are smaller than those
due to thickness varlatlon, and the variation of the
moment coefflclent taken about the center-of-gravity axls
i1s 1In the opposite direction., The varliation of peak
moment coefflclent with camber appears to be 1little
aeffected by lncrease of Mach number within the range
investigated,

C ONCLUSTONS

From an investigation of the compressiblllty effects
on the poak section pltching~moment coefflclents of
six NACA lé-series airfolls, the following conclusions
have beon mede:

l. The peak plitchlng-moment coelficlents, which
were encountered 1n the reglons of positive and negative
stall, underwent 1mportant changes due to compressibllity
effocts. 1In several instances, varlations of pltching-
momont coefficlent of 0.025 to 0,10 wero encountered for
the thicker and moro highly cambered alrfolls testod.

2, Critical speeds as low &s a Mach number of 0,30
woere encountered snd marked chengss of peak plitching-
momens coefficlent occurred at Mech numbers as low as 0.53,

%« Extraepolation of low=speed data sccording to the

Glauort-Ackeret relation 1/@& - ¥ gave valid or con=
gservative estimates of the varlation with Mach number
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in the suberltical reglon. Because of the low oritical
speeds assoclated wlth operatlion in the stall region,
+ - =~however, this method 1s .limlted in applicetion.

li. Increasing the thickness and camber of an airfoil
In compresslible flow accentuated the compressibility
effects on the aerodynamic pitching moment. An lncrease
in the value of the pitching-moment coefficlent was found
to occur with an increase in thickness.

Langley Memorial Aeronautical Laboratory
National Advlisory Commlttee for Aeronautics
Langley Fleld, Va.
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TABLE I

ANGLES OF ATTACK AND MACH NUMBERS AT WHICH
PEAX LIPT AND MONENT COEFPFICIENTS OCCUR

le of attack
Aos (deg)
:\.n:‘t:or Positive stall Negative stall Positive stall Negative stall
Cluax| ey Be.g.| S [“Mey]|%Me.g.| “imax| e/l |Mo.g. ) O Mo p, | “Be.g.
NACA 16-209 alrfoil NACA 16-215 airfoil
0.12 | 10 8 - -6 R T e e - =11 | -11
.20 | 10 g 3 -13 -6 -8 1 1 1 -%’1‘ -11 | -11
.25 | 10 3 -8| -6 -g 1 1 -11f -11 | ~-11
3110 8 -10}| -6 - 12 13 13 f-11| -11 | -11
40 1 10 8 8 |-10] =6 -8 11 12 11 |-12| -10 | -10
48 | 1w 8 8 l-10] -6 -7 11 11 11 {-11{ -11 | -11
.53 9 6 8 -8] -6 -7 10 11 10 |-11{ -10 | -11
23 ---------------- -10| -6 «7 | mmmee] e ] LT PP P P
J% 7+ Y (PR PSS B, -10} -6 -7 10 10 10 {-11} -10 | -10
I T ] Bt EEL T e e N 8 11 I e R B e
NACA 16-509 airfoll NACA 16-515 airfoil
0.12 | 10 10 10 ~8] -6 - -9 -9
.20 | 19 10 10 -8} -6 -6 -10 -9
.25 9 10 10 (-1 <6 -8 -10 | -10
.33 1 10 10 10 |-10} -6 -6 -10 | -10
Lo E 10 8 |-12] -6 -g -9 -9
A8 8 8 }|-10] -6 - °3 -g
.53 8 8 8 j-10] -6 -6 - -
I I P B R T -10 -IZ -6 -8 -8
.63 ---------------- -10] - - -8 -8
(- T T RN R -] -6 Y T T Finy RORyRvouo [US PRNORON JIpIpIpI
NACA 16-709 airfoil KACA 16+715 airfoil
0.12 11 10 10 e [omcwe | ccanaxs 16 15 -12 -6 -8
.20 10 10 -8] -5 - 1 16 1 -9 -8 -9
.25 | 10 10 10 -8 -z - 1 1N ].E -10} -10 ! -10
.33 110 10 10 -8] - -6 1 T 1 -81 = -
. 10 10 10 =81 -k -6 1 il 13, -8] -8 -8
48 9 10 9 -8] -k - 1 iy |-10f -8 -9
2 A S B e e e I I BB ] 08
Y1 PN BN, P, -8| - - 8 | 11 12 |-10] 9 3
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(a) Airfoil mourting i Funnel.
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(b) Detail of bracing.

Figure 2 ~ Diagrammotic sketch of airfoil/ mounting
and bracing in the NACA &-foot leoh-speed +unnel.
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